Carnivorous Lentibulariaceae exhibit the most sophisticated implementation of the carnivorous syndrome in plants. Their unusual lifestyle coincides with distinct genomic peculiarities such as the smallest angiosperm nuclear genomes and extremely high nucleotide substitution rates across all genomic compartments. Here, we report the complete plastid genomes from each of the three genera Pinguicula, Utricularia, and Genlisea, and investigate plastome-wide changes in their molecular evolution as the carnivorous syndrome unfolds. We observe a size reduction by up to 9% mostly due to the independent loss of genes for the plastid NAD(P)H dehydrogenase and altered proportions of plastid repeat DNA, as well as a significant plastome-wide increase of substitution rates and microstructural changes. Protein-coding genes across all gene classes show a disproportional elevation of nonsynonymous substitutions, particularly in Utricularia and Genlisea. Significant relaxation of purifying selection relative to noncarnivores occurs in the plastid-encoded fraction of the photosynthesis ATP synthase complex, the photosystem I, and in several other photosynthesis and metabolic genes. Shifts in selective regimes also affect housekeeping genes including the plastid-encoded polymerase, for which evidence for relaxed purifying selection was found once during the transition to carnivory, and a second time during the diversification of the family. Lentibulariaceae significantly exhibit enhanced rates of nucleotide substitution in most of the 130 noncoding regions. Various factors may underlie the observed patterns of relaxation of purifying selection and substitution rate increases, such as reduced net photosynthesis rates, alternative paths of nutrient uptake (including organic carbon), and impaired DNA repair mechanisms.
Introduction
The carnivorous syndrome in plants comprises the ability to attract, retain, trap, kill, digest prey, and finally absorb and make use of the nutrients resulting from digestion (Juniper 1986) . Carnivory evolved several times among angiosperms with at least seven independent origins in five different orders of flowering plants (Albert et al. 1992; Soltis et al. 2005; Ellison and Gotelli 2009; Pereira et al. 2012) , with the order Lamiales being the hotspot of carnivorous plant diversity. Lamiales possess the greatest trap type diversity and a minimum of three independently evolved carnivorous lineages (Byblidaceae, Philcoxia from Plantaginaceae, Lentibulariaceae) and several subcarnivorous taxa (Plachno et al. 2006; Schäferhoff et al. 2010) , which are capable to trap or kill prey such as insects but cannot digest and absorb the released nutrients.
With well more than 350 species, the cosmopolitan Lentibulariaceae are by far the most diverse carnivorous family, exhibiting extreme physiological adaptations and what has been described as the most complex leaf structures known in the entire plant kingdom (Juniper et al. 1989 ).
Pinguicula, sister to the so-called bladderwort lineage that comprises Utricularia and Genlisea, has the simplest body plan, capturing prey with the help of (often) pale-green leaves borne in a rosette that function as flypaper traps. Genlisea, the corkscrew plant, possesses Y-shaped and helically twisted underground rhizophylls (eel traps) used to passively capture and digest protozoa (Barthlott et al. 1998) . In contrast, the bladder traps of Utricularia work by means of low pressure, capturing small organisms from the surrounding water or soil, and have been characterized as having the most complex leaf modifications (Juniper et al. 1989 ). In contrast to Pinguicula, bladderworts and corkscrew plants lack a root system, and thus solely rely on the uptake of nutrients through prey and by means of foliar absorption (Adamec 1997 (Adamec , 2013 .
Lentibulariaceae also exhibit remarkable traits at the molecular level. For instance, the smallest genomes reported from angiosperms belong to species of Genlisea and Utricularia (Greilhuber et al. 2006 ). DNA substitutional rates in several loci representing all three genomic compartments were found to be significantly higher in members of the ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com bladderwort lineage than in other angiosperms (Jobson and Albert 2002; Müller et al. 2004; Ibarra-Laclette et al. 2011 ). The finding that plastid genes of Lentibulariaceae evolve at elevated substitution rates was unexpected as plastid genomes, and particularly their coding regions, usually evolve in a remarkably conservative manner across land plants (Palmer 1985; Raubeson and Jansen 2005; Wicke et al. 2011) , with the majority of the~110-120 unique genes being indispensable for photosynthesis and a few other metabolic and genetic pathways. Relatively few autotrophic lineages demonstrate unusual modes of plastid genome and plastid gene evolution (Palmer et al. 1988; Cosner et al. 2004; Guisinger et al. 2010 Guisinger et al. , 2011 Fajardo et al. 2012; Sloan et al. 2012) , including large-scale reconfiguration of the typically compact quadripartite structure that consists of a large and small single-copy region (LSC, SSC) and two large inverted repeats (IRs).
The most dramatic changes in plastid gene content have been reported for plants with a heterotrophic mode of nutrition (Wolfe et al. 1992; Nickrent et al. 1997; Funk et al. 2007; Delannoy et al. 2011; Braukmann and Stefanović 2012) . Like bladderworts, many (obligate) parasitic plants exhibit highly accelerated rates, which result (at least in part) from reduced purifying selection in photosynthesis and photosynthesis-related plastid genes (e.g., dePamphilis et al. 1997; Young and dePamphilis 2005; ). Although no case of C-heterotrophy in carnivorous plants has been documented, available data indicate regular carbon uptake via carnivory, particularly under challenging environmental conditions (Adamec 1997; Pavlovič et al. 2009; Adamec 2011) . Previous studies (reviewed in Adamec 2011) suggest a trend toward high rates of molecular evolution in lineages where the normal uptake of inorganic nutrients via roots is accompanied or replaced by some other mode of nutrient acquisition. Naturally, this involves diversely modified biochemical processes and, thus, may dramatically affect the molecular evolution in a variety of genetic loci. It is therefore comparable to some extent with the situation in parasites.
To investigate whether the nutritional benefit of carnivory might impact the evolution of the photosynthetic machinery, we sequenced the plastid genomes of representatives of all three main lineages of Lentibulariaceae. Using a comparative approach and a series of sophisticated analyses of rate variation under maximum likelihood, we discriminate between the role of positive selection, relaxed purifying selection, and background mutation rates. Here, we present evidence for changes in the degree of positive or negative selection acting on the functionally diverse array of plastid genes and discuss it in the light of the degree of dependency on prey in the family. A fine-scale analysis of rate shifts in nonprotein-coding regions and across all plastid genes assesses the degree of selectional changes on plastid protein-coding regions. Above that, we examine the evolution of microstructural changes across the plastid chromosomes of the carnivores with special regard to the strength of purifying selection and functional losses. The results of this study promote our understanding of genomic footprints of carnivory and reveal genome-level convergences between carnivores and parasites.
Results

Structure of Plastid Genomes in Lentibulariaceae
We completely sequenced the plastid genomes (plastomes) of Pinguicula ehlersiae, Utricularia macrorhiza, and Genlisea margaretae as representatives of the three genera of the carnivorous Lentibulariaceae. In terms of structure, their plastomes resemble those of the vast majority of angiosperms. With a total length of 153,228 bp, Utricularia possesses the largest plastome of the three sequenced species (table 1) . The plastid genomes of Pinguicula and Genlisea are 147,147 bp and 141,255 bp in lengths, respectively, and colinear with that of Utricularia ( fig. 1) . None of the three species show structural reconfigurations such as inversions or gene relocations into other plastid segments. Relative to Utricularia and other lamiids, disruptions of gene synteny occur, however, in the LSC and SSC of Genlisea, and in the SSC of Pinguicula due to the deletion of genes encoding subunits of the NAD(P)H dehydrogenase complex. Considering phylogenetic relationships, ndh gene loss of Genlisea and Pinguicula must have occurred two times independently within Lentibulariaceae. In Genlisea, the genes ndhC, D, F, G, H, J, and K were lost from the plastome; the genes ndhA, E, and I reside as truncated pseudogenes. NdhB is retained with an intact reading frame in both Genlisea and Pinguicula. The latter also retains reading frames for ndhA, D, E, G, H, I, J, and K although these show notably long indels and/or frameshifts, implying that some of these may be pseudogenes. We could not detect ndhC and F in Pinguicula.
A genome-wide alignment between the Lentibulariaceae plastomes and that of the closely related sesame (Sesamum indicum, Pedaliaceae) reveals several mutational hotspots ( fig. 1 ). This includes the entire SSC as well as the region around the ndh genes in the LSC ( fig. 1 ). Further hotspots of sequence variation accumulate near tRNAs and short (<200 bp) protein-coding genes, which becomes especially evident in the rps16-atpA and the rpoB-psbD fragment. fig. 2b ). Similar to most flowering plant plastomes, Lentibulariaceae have few repeats of more than 12 nt in length ( fig. 2c ). Lentibulariaceae exhibit a slight increase particularly in reverse-complement repeats (palindromic) compared with sesame, and we detected a large number of direct and palindromic repeats especially in Utricularia. Unlike Sesamum, all Lentibulariaceae also possess a small number of repeats larger than 50 bp but none larger than 100 bp (except for the large IR). The distributions of larger repeats in the plastomes are very similar between Sesamum and Pinguicula ( fig. 1 ), occurring not only in nontranscribed spacers (e.g., trnQ-rps16, psaA-ycf3, 3 0 rps12-trnV) but also in the ycf2 gene region. Several more repeats accumulate in these regions of the Utricularia and Genlisea plastomes, which also harbor repeat hotspots in the SSC, in the rpoBpsbD fragment, and several more dispersed repeats in the IRs ( fig. 1 ).
Synonymous and Nonsynonymous Substitution Rates
Across all plastid protein-coding genes, we observe a general elevation of nucleotide substitution rates in Lentibulariaceae compared with noncarnivorous lamiids ( fig. 3a) . Rates particularly increase in the bladderwort lineage (P MWU < 0.001 for dS and dN; table 2). Pinguicula, in contrast, shows significant acceleration only in its synonymous rates (P MWU = 0.039). Rate differences are already detectable along the branches leading to Lentibulariaceae and the Utricularia/Genlisea subclade ( fig. 3b ), implying shared ancient rate accelerations. Pseudogenes are indicated by É, whereas a red arrow marks the deletion of a specified gene region. Based on a plastome alignment of the four species with progressiveMauve, similarity plots to the right of each plastome map indicate the hotspots of divergence. Regions (represented by thin bars) colored mauve represent segments conserved among all genomes, while differently colored ones mark those present only in a subset of taxa. The height of a bar shows the degree of conservation, and gaps in a plot indicate that this particular region could not be aligned to any of the other genomes, suggesting this fragment to be species specific. The approximate localizations of larger repeats (>12 nt) are illustrated below the similarity plot, with a two-digit number indicating the length and orientation of the repeat (F, forward; P, palindromic; IR, large IR).
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Relative to noncarnivores, 23 protein-coding genes in the Pinguicula plastome show notable rate deviations, with 20 genes being elevated in nonsynonymous rates ( fig. 3c ; supplementary table S1, Supplementary Material online). Of these, 13 genes are likely to have experienced rate elevation after the split from Genlisea/Utricularia, rather than in the Lentibulariaceae ancestor. In Utricularia and Genlisea, 42 and 52 genes, respectively, evolve significantly faster with, again, more genes having elevated dN than dS ( fig. 3c ; supplementary tables S1 and S2, Supplementary Material online).
Rate acceleration apparently affects all genes of the Lentibulariaceae plastid genomes similarly. Higher rates (dN and dS; fig. 3 ) can be observed in genes for both the photosynthesis light and dark reactions (photosystems, electron transport, RuBisCO) as well as photosynthesis-associated processes (CO 2 uptake, heme attachment), housekeeping genes (ribosomal proteins, polymerase), and genes for lightindependent processes (lipid synthesis).
Changes of Selection in Plastid Genes
Significantly relaxed purifying selection in Lentibulariaceae relative to noncarnivorous lamiids is inferred for the plastidencoded subunits of the ATP synthase complex (atp genes), photosystem I (psa genes), and the plastid-encoded polymerase (PEP, rpo genes). However, the precise modes of selectional change differ between these complexes ( fig. 3c and  table 3 ). Although ! in PEP genes appears to be significantly different in the noncarnivorous clade, the carnivorous ancestor, and the carnivore clade (i.e., three selectional regimes, likelihood ratio test (LRT) from the best model: P < 0.001), relaxation of purifying selection apparently has affected the ATP synthase complex predominantly during the transition to the carnivorous lifestyle (LRT, best model: P = 0.003). Purifying selection in genes of the photosystem I is relaxed only in the Lentibulariaceae crown group (LRT, best model:
Not all genes with elevated rates of nonsynonymous changes show relaxation of purifying selection. Genewise tests reveal that not all genes of a functional complex display similar patterns of purifying selection. Based on Akaike information criterion (AIC) model selection, a single global ! may be assumed for four of the six plastid-encoded atp genes and three of five psa genes (supplementary table S2, Supplementary Material online). Purifying selection is relaxed in atpB (LRT, best model P = 0.003), atpI (LRT, best model P = 0.029), psaB (LRT, best model P = 0.006), and psaC (LRT, best model P < 0.001) of Lentibulariaceae compared with noncarnivores. RpoB as well as rpoC1 also evolve under relaxed purifying selection in Genlisea compared with noncarnivores (rpoB-LRT, best model P = 0.004; rpoC1-LRT, best model P = 0.003). RpoA is the only subunit of the polymerase complex to exhibit a significant increase of ! in the branch leading to Lentibulariaceae (LRT, best model P = 0.002; supplementary table S2, Supplementary Material online). Remaining intact genes of the NDH complex in Utricularia and Pinguicula differ significantly in their respective ! when compared with noncarnivores. Although ndhE (LRT, best model: P = 0.031) and ndhG (LRT, best model: P = 0.046) show relaxed purifying selection, ndhH (LRT, best model: P = 0.069) and ndhJ (LRT, best model: P = 0.065) exhibit only marginally different !. NdhB, which is retained also in Genlisea, shows no significant change of !.
Significant relaxation of purifying selection occurs in another 19 plastid genes across all functional complexes (graphically summarized in fig. 3 ). These changes apply to the entire Lentibulariacae, except for the psbH gene, in which the change of ! is confined solely to the bladderwort lineage (supplementary tables S2 and S3, Supplementary Material online).
There is a tendency of genes in close proximity to one another to exhibit similar changes of selection (atpI/rps2, ndhE/G/psaC, clpP/psbB, psbH/petB/D, rps7/12, atpB/rbcL, rpl33/rps18, psaB/rps14, rpl36/rps8/14, rpl22/rps19/rpl2; figs. 1 and 3). Most of those genes are organized as neighboring genes within the same plastid operon-like transcription unit (hereafter: operon). In several cases (petB, rpl2, rpl14, rpl22, rps7, rps12), relaxation of purifying selection in neighboring genes has set in independently, that is, at a different time during the evolution of Lentibulariaceae ( fig. 3c ; supplementary tables S2 and S3). PsbK and cemA represent the only cases where we find relaxation of purifying selection (psbK-LRT, best model P = 0.020, cemA-LRT, best model P = 0.046), but not in their neighboring genes. However, the cemA flanking genes petA and ycf4 show significant elevation of nonsynonymous changes in both species of the bladderwort lineage or only in Genlisea ( fig. 3c ; supplementary table S1, Supplementary Material online), respectively. Genlisea shows acceleration of dN also in psbI, which is localized adjacent to psbK ( fig. 3c ; supplementary table S1, Supplementary Material online).
Evolution of Plastid-Noncoding DNA Relative to noncarnivorous lamiids, all Lentibulariaceae analyzed here exhibit notably higher rates of nucleotide substitutions across the vast majority of the 130 plastid noncoding regions (ncDNA; fig. 4 and table 2). Plastid ncDNA of singlecopy regions shows evident sequence divergences in both introns and intergenic spacers (P MWU < 0.001, all species), whereas ncDNA in the IRs evolves more conservatively and similar to noncarnivores ( fig. 4 and table 2). Notable divergences in spacers and introns are seen most clearly in the IR of Genlisea (P MWU = 0.049), even though an analogous trend exists also in Utricularia albeit only marginally significant (P MWU = 0.081). Overall, Genlisea accumulates more nucleotide changes in ncDNAs than its sister lineage Utricularia (P MWU < 0.001), which evolves much faster than Pinguicula (P MWU < 0.001). No significant differences exist in noncoding regions of the IR between pairs of carnivorous lineages (Pinguicula vs. Utricularia: P MWU = 0.691; Pinguicula vs. Genlisea:
P MWU = 0.377, Utricularia vs. Genlisea: P MWU = 0.729; table 2). Notably, rates are elevated in the SSC of Pinguicula and Genlisea, coinciding with the loss of ndh genes. Patterns of ncDNA evolution in the SSC region of the Utricularia plastome are, however, convergent with those of noncarnivores. The divergence of ncDNA is most extreme in the intergenic spacers trnH-psbA, trnK-rps16, rps16-trnQ, and trnG-R, whereas short or internally transcribed spacers (e.g., rpoC1-B) show the greatest sequence conservation (figs. 1 and 4).
We detected a strong correlation between high sequence divergence and low GC contents (P < 0.001, = À0.685; fig. 4 ; supplementary fig. S1, Supplementary Material online). The percentage of GC in nontranscribed spacers tends to be considerably lower than elsewhere in the plastome, even though a correlation is insignificant.
Rate acceleration in plastid spacers and introns matches the distribution of genes with accelerated dN and/or dS (P Sign = 0.016) or relaxed purifying selection in Utricularia and Genlisea ((P Sign = 0.019), respectively. This trend is also obvious in Pinguicula, albeit here with marginal significance only (P Sign = 0.052), indicating that Pinguicula exhibits fewer rate changes in protein-coding regions than in its noncoding regions.
Evolution of Plastome Microstructure
Lentibulariaceae plastomes accumulate much more insertions and deletions (indels) than Sesamum with 108 indels in Pinguicula, 180 in Utricularia, and 242 in Genlisea. Totaling up to 1,030 indels in Genlisea versus 789 in Sesamum ( fig. 2) , the ratio of insertions to deletions is similar in all taxa. Gene Class Of these, 256 indels are found in plastid protein-coding regions; an exception are the plastid encoded photosystem I genes (psa), which lack any length variation. The highest numbers of indels accumulate in ycf2 (38 indels), rpoc2 (30), accD (21), rpl22 (18), matK (17), and ndh genes, with ndhF (19) in particular. Across all genes, the longest insertions or deletions (>9 nt) occur in accD, ycf2, ndh, and PEP genes. Accumulation of microstructural changes in the different protein-coding genes does not generally coincide with elevated nucleotide substitution rates in Lentibulariaceae (P = 0.257; table 4). A correlation can be found, however, for PEP (P = 0.031) and, with marginal significance, in 50S ribosomal protein genes (P = 0.054; fig. 5 ).
In plastid ncDNA, indel evolution is evidently related to nucleotide substitutional patterns (figs. 4 and 5b). Spacers and introns with high sequence divergence significantly accumulate more indels than moderately evolving ncDNA regions (P < 0.001; supplementary fig. S1 , Supplementary Material online). Especially, GC-poor regions accumulate insertions and deletions (P < 0.001), perhaps reflecting the observation of proliferating SSRs in the bladderwort-lineage relative to Pinguicula and noncarnivorous lamiids.
Autapomorphic indels account for the vast majority of microstructural changes in Lentibulariaceae. Visual inspection suggests that only very few are family-specific insertions or deletions. Absence/presence counts revealed that only five indels are apparently unique to Lentibulariaceae in proteincoding regions as opposed to 146 in noncoding regions. These numbers should, however, be regarded with some caution, because an in-depth analyses of indel history requires an improved taxon sampling.
Notably low rates of microstructural changes occur apparently every 2-3 kb ( figs. 1 and 4) . In contrast to the LSC and IR, this pattern is less prominent in the SSC, likely because of the observed gene losses in the large ndh operon. Distance-related alternation of GC and substitution rates is much less pronounced ( fig. 5 ).
Discussion
Architecture of Plastid Genomes in Lentibulariaceae
Complete plastome sequencing and comparative genome analyses revealed distinct paths of plastid genome evolution in the three carnivorous genera of Lentibulariaceae. The structure of Lentibulariaceae plastomes is mostly similar to that of closely related noncarnivorous lamiids ( fig. 1) , with the Utricularia lineage evolving most conservatively in terms of gene synteny. Similar results were also reported for the plastome of U. gibba based on a draft assembly of the organellar genomes (Ibarra-Laclette et al. 2013) , which was published during the final stages of writing this manuscript and could therefore not be considered in our analyses. Local disruptions of gene order occur in P. ehlersiae and G. margaretae because of the loss of some ndh genes. Phylogenetic relationships and the kind and number of missing genes or pseudogenes strongly suggest that the loss of the ndh genes has occurred independently in the two lineages. As 8 out of 11 genes were deleted in G. margaretae and four gene losses are observed in Table 3 .
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537 Substitution Rates and Purifying Selection in Lentibulariaceae . doi:10.1093/molbev/mst261 MBE P. ehlersiae, we believe that these events coincide with the functional loss of the plastid NAD(P)H dehydrogenase complex. In the light of the extreme rare occurrence of functional transfer of genes from the plastid to the nuclear genome in angiosperms (e.g., Bock and Timmis 2008), we appraise the replacement of these genes by nuclear copies as considerably low. During photosynthesis, the NAD(P)H dehydrogenase complex located in the chloroplast thylakoid membrane mediates electron cycling around the photosystem I and thereby The correlation of indels and substitution rates (total) is illustrated (a) for all plastid gene classes and across all plastid protein genes, and (b) for spacers, introns, and across all plastidnoncoding regions. The goodness of fit for each of the tested region is provided by R 2 (color coded). Where present, P values from Spearman tests indicate a significant or marginally significant correlation between the number of indels and substitutions. fine-adjusts the ratio of ATP and the electron carrier NAD(P)H. The latter is used to synthesize monosaccharides by fixating CO 2 in the Calvin cycle (Peltier and Cournac 2002; Rumeau et al. 2007 ). The NAD(P)H dehydrogenase appears to play an especially important role under light-stress conditions or low CO 2 concentration, under both of which ndh mutants showed significant impairments of photosynthesis (Horvath et al. 2000) ; no such effects were seen under nonstress conditions and high CO 2 concentration. Deletion of ndh genes from the plastome was reported earlier for some autotrophic plants (Geraniaceae: Chumley et al. 2006 , Blazier et al. 2011 Guisinger et al. 2011; conifers and Gnetales: Brauckmann et al. 2009; Wu et al. 2009 ). In their natural habitats, carnivorous Lentibulariaceae are exposed to very much the same stress factors as most other plants, which includes the occasional occurrences of light stress. However, the loss of the NAD(P)H complex might not affect the fitness of Pinguicula and Genlisea or other lineages lacking plastid ndh genes. It is possible that these plants regulate gas exchange such that CO 2 concentrations remain sufficiently high in the cells or that they make use of organic carbon obtained through prey to overcome periods of environmental stress (e.g., Juniper et al. 1989 )-resembling the situation in some parasitic plants to some extent (Krause 2011) . Elevated amounts of plastid repetitive DNA (including SSRs) and low numbers of repeats longer than 50 bp characterize the plastomes of the bladderwort lineage ( fig. 2) . Some of these repeats colocalize with mutational hotspots in the plastomes of Lentibulariaceae ( fig. 1) . However, the overall abundance of longer repeats in Lentibulariaceae plastomes is still too low to formally explore a correlation between mutational hotspots and longer repeats, although these are known to drive molecular evolution (e.g., McDonald et al. 2011) . Larger repeats are generally rare among angiosperm plastomes and considered to promote illegitimate recombination ). Proliferation of long repeats, otherwise, has only been reported for a number of plants with highly reconfigured plastomes (Cosner et al. 2004; Cai et al. 2008; Guisinger et al. 2011; Sloan et al. 2012) or for parasitic plants undergoing relaxed selection of the photosynthesis apparatus (Wicke 2013) . Impaired function of DNA repair enzymes or relaxed selection (or both in concert) have been suggested to contribute to the proliferation of recombinogenic factors in plastomes Wicke et al. 2013 ) and might likely result in significant acceleration of both nonsynonymous and synonymous changes and the accumulation of indels.
Evolution of Substitution Rates and Selective Regimes in Plastid Genes
Across the vast majority of plastid coding and single-copy noncoding regions, Pinguicula, Utricularia, and Genlisea exhibit elevated substitution rates compared with closely related noncarnivorous lamiids (table 2 and fig. 3 ). Accelerated rates occur in all gene classes of the Lentibulariaceae plastomes, affecting the normally highly conserved plastidencoded fractions of photosystems, photosynthetic electron transport chains, the thylakoid ATP synthase complex, and genes for transcription and translation.
Plastid genes of Lentibulariaceae show disproportionally (i.e., more frequently) an elevation of nonsynonymous rates than of synonymous rates. This trend is especially pronounced in the bladderwort lineage, where more than half of the protein-coding genes are sped up significantly in both dN and dS. Although the number and type of faster evolving genes differ notably among the Lentibulariaceae species, rate acceleration is not totally random. Accelerated genes shared by all lineages suggest changes in the molecular evolution of some housekeeping genes (e.g., matK, rpo genes) and electron transport genes that have taken place already in the ancestor of Lentibulariaceae.
In contrast to the general evolutionary patterns seen across angiosperms ), Lentibulariaceae do not show a correlation of indels and substitution rates across all plastid-coding regions, and most gene classes (except for PEP, and rpl genes to a smaller extent) have accumulated more nucleotide substitution than indels. Even though we cannot rule out sampling artifacts contributing to this result, this could imply that the accumulation of nucleotide substitutions in plastid protein-coding regions of Lentibulariaceae proceeds faster than the accumulation of microstructural changes.
Changes of selective constraints either affect the entire clade of Lentibulariaceae (photosystem I and other photosynthesis genes, clpP, rps14; fig. 3c ) or are confined to the bladderwort lineage (ATP synthase, several photosynthesis and housekeeping genes; fig. 3c ). We also detected relaxed purifying selection in plastid-encoded genes for transcription (PEP), transcript maturation (matK), translation (ribosomal protein genes), and protein turnover (clpP). The polymerase complex is inferred to have experienced a two-step relaxation of purifying selection in Lentibulariaceae: once during the transition to carnivory (i.e., on the branch leading to Lentibulariaceae) and later during the formation of the bladderwort lineage, i.e., along the branch uniting Utricularia and Genlisea ( fig. 3c ; supplementary tables S2 and S3, Supplementary Material online). Unlike in the other protein-gene classes, the evolution of indels and nucleotide substitution also correlates significantly in the rpo genes. This deviating trend of microstructural changes together with the detected relaxation of purifying selection probably indicates that PEP genes have become pseudogenes or are about to become pseudogenes in Lentibulariaceae. This hypothesis would invoke a shift away from PEP to the nuclear-encoded polymerase in plastid transcription, for which there is no data available as of writing this article. On the other hand, the evolution of the rpo genes themselves may be the result of mutations in the replication and or repair machinery.
Interestingly, some subunits of the different plastid functional complexes evolve under more relaxed constraints than others. Future studies, which will also need to consider protein-domain interactions, are required to shed light on how much variation is permitted in protein complexes to retain protein function.
In a considerable number of cases, rate elevation and relaxation of purifying selection affect genes that are encoded in close proximity to one another. Higher substitution rates in a gene appear to influence its neighboring genes, even though they might be of a different function. Interestingly, genes in the highly reconfigured plastome of Pelargonium show a comparable, yet less prominent, pattern of higher dN/dS values in neighboring genes. "Localized hypermutation" has also been described in Fabaceae, particularly around the accD-ycf4 region. A plastome-wide analysis of substitution rate elevation in Lathyrus also revealed such a neighboring effect for a few other regions, although to a much smaller extent (e.g., rpl16-rpoA, ndhH-ycf1; Magee et al. 2010) . Potential reciprocal effects of a similar kind have been observed with regard to the series of functional and physical gene losses in nonphotosynthetic parasitic plants (Wicke 2013; Wicke et al. 2013) , where DNA deletions seem to be governed by protection from deletion by essential genes. More data are currently being compiled to test this pattern in the framework of spatial autocorrelation and potentially underlying molecular mechanisms.
Evolution of Noncoding DNA
Nearly all plastid ncDNAs in Lentibulariaceae evolve with accelerated substitution rates compared with noncarnivores. Many of the extremely accelerated spacers and introns are located directly adjacent to or are enclosed by protein-coding genes with elevated dN, dS, or relaxed purifying selection. This pattern is particularly prominent in the bladderwort lineage and suggests the existence of various mutational hotspots in the plastomes of Lentibulariaceae.
A strong correlation of indels and substitution rate is evident in plastid noncoding regions of all Lentibulariaceae (fig. 4) . The extent of divergence in spacer regions is obviously strongly related to its GC content. AT richness contributes to potentially deleterious recombination. Long homopolymer stretches and microsatellite regions favor replication errors (Levinson and Gutman 1987; Wagner et al. 1990; Wolfson et al. 1991; Müller et al. 1999) , which may explain the proliferation of microstructural changes in the plastomes of Lentibulariaceae ( fig. 2; supplementary fig. S1 , Supplementary Material online). Due to the current lack of comparable data, it remains elucidated whether the evolutionary patterns of plastid ncDNAs are characteristic for Lentibulariceae or if these can also be observed in other angiosperm plastomes .
Implications of Relaxed Purifying Selection in Plastid Genes of Lentibulariaceae
Several hypothesized biological phenomena underlying rate variation in angiosperms have already been excluded as potential explanations for Lentibulariaceae (e.g., generation time effect: Jobson and Albert 2002; Müller et al. 2004 ; speciation rate hypothesis: Müller et al. 2006 ), while differences in metabolic rates (Martin and Palumbi 1993) and unequal efficiency of DNA repair (Britten 1986 ) are difficult to assess and still await experimental testing in this family. Taking into account the extraordinary physiological differentiations of Lentibulariaceae, Albert et al. (2010) formulated an alternative mechanistic hypothesis, according to which the genomic peculiarities seen in Utricularia may be a consequence of high levels of mutagenic reactive oxygen species (ROS) as the result of a short circuit in the mitochondrial respiratory chain. Due to a mutation in cytochrome c oxidase (Jobson et al. 2004; Laakkonen et al. 2006) , this shunt possibly provides energy from sequestering protons more rapidly for the active prey capture mechanism ("firing") of Utricularia traps (Albert et al. 2010) . Although several lines of evidence are in support of this hypothesis (e.g., Ibarra-Laclette et al. 2011), a few details in the observed rate patterns in plastid genomes are difficult to explain when interpreted exclusively in the light of the ROS hypothesis (as it is currently phrased). Rate acceleration as well as relaxation of purifying selection also occur in Pinguicula, which does not share the COX mutation with the bladderwort lineage. Substitutional and microstructural changes are even higher in Genlisea, which captures its prey exclusively passively, other than in Utricularia. Likewise, ultrastructural data from Utricularia traps provide evidence for the presence of passive traps in basal lineages of the genus (Müller et al. 2004; Reifenrath et al. 2006) , resulting in a more likely evolutionary scenario of a most recent common ancestor of the bladderwort lineage that had not captured prey actively and thus may have benefited less from the short circuit in the mitochondrial respiratory chain. Even though full genome sequencing showed that the organellar genomes evolve more conservatively and apparently uncoupled from the evolutionary dynamics of the nuclear genome in U. gibba (Ibarra-Laclette et al. 2013) , further comparative genomic studies based on a dense taxonomic sampling will be very helpful in evaluating the role of ROS in shaping genome architectural traits in Lentibulariaceae. Most DNA damage is likely to occur at the immediate source of ROS, i.e., in mitochondria (Friedberg et al. 2006) , so particularly comparative mitochondrial genome analyses are required to specifically test the outreach of the ROS hypothesis.
As mentioned above, the patterns of rate elevation and relaxation of selection as well as the loss of ndh genes in plastid genomes of Lentibulariaceae are also interesting because of its similarities to obligate photosynthetic parasitic plants like Cuscuta (McNeal, Arumugunathan, et al. 2007; ) and Orobanchaceae (Wicke 2013; Wicke et al. 2013) . Given these convergences with photosynthetic parasites regarding molecular evolutionary patterns, it stands to reason that alternative paths of acquiring nutrients may likely promote the rapid evolution of plastid genes in Lentibulariaceae. Even though all Lentibulariaceae are photosynthetic and capable of carbon fixation, carnivorous plants have been demonstrated to counterbalance negative photosynthesis benefits due to unfavorable environmental conditions by the uptake of nitrogen, phosphorous, and organic carbon from their prey (Juniper et al. 1989; Adamec 1997) . Besides metabolized prey, a close interaction with microbial communities in or near traps of Utricularia has been speculated to contribute to alternative paths of nutrient uptakes (Sirová et al. 2010) , which therefore might change selection pressures in normally highly conserved genomic fractions.
Although causation remains to be elucidated, relaxed purifying selection in photosynthesis and photosynthesis-related plastome regions appears to be mirrored to some extent in average net photosynthesis rates of carnivorous plants. Ellison (2006) states that both the photosynthetic nutrient use efficiency as well as the photosynthesis rate per leaf mass is considerably lower in aquatic and terrestrial carnivorous plants than in noncarnivores. Estimates range between 1 and 5% lowered photosynthesis rates in carnivores (Mendez and Karlsson 1999; Adamec 2011) . Subarctic Pinguicula species were even reported to show a reduction of both leaf and mass-based photosynthesis rates by 30% compared with geographically similarly distributed noncarnivorous plants, including hemiparasitic plants (Mendez and Karlsson 1999) . These results are, however, confounded by reports of very high photosynthesis rates in aquatic Utricularia species relative to other aquatic plants (Adamec 2009; Sirová et al. 2010) . Interestingly, these high photosynthesis rates appear to directly benefit the prey capturing and cultivation of microbial communities in the traps of the investigated bladderworts (Sirová et al. 2010) .A denser sampling of genome-scale data will be needed to thoroughly evaluate causes and consequences of genomic evolutionary patterns in relation to nutritional and physiological peculiarities in carnivorous plants in general, and in Lentibulariaceae in particular.
Materials and Methods
Plant Material and Shotgun Sequencing
Pinguicula ehlersiae (cultivated at the Bonn Botanical Gardens, Germany, voucher: BONN, 3252-1998 , B. Schäferhoff 60, 2009 , U. macrorhiza (collected in the Black Moshannon Lake, PA, voucher: PAC, leg./det.: B. Schäferhoff and S. Wicke, 2009-07-22) , and G. margaretae (cultivated and kindly provided by Dr A. Fleischmann, University of Munich, Germany; voucher: M, A. Fleischmann Z29, 2006-09-27) , representing the three genera of Lentibulariaceae, were selected for whole genome shotgun-sequencing. Total genomic DNA was extracted from fresh plant material using a modified cetyl trimethylammonium bromide (CTAB) method, which included adjustment of CTAB extraction buffer to pH 9.8 to maximize DNA yield. All samples were treated with RNAse (Qiagen) before purification by PEG-8000 precipitation (McNeal et al. 2006) . High-molecular weight DNA (between 3.5 and 5 mg) was subjected to whole genome shotgun sequencing with 454 FLX Titanium at the Genomics Core Facility of the Pennsylvania State University, University Park, PA.
Plastid Genome Reconstruction and Sequence Finishing
Pyrosequencing data were quality trimmed and clipped off of the linker sequences plus the adjacent 15 nucleotides. The processed data sets contained 555,679 reads (159 Mbp) for P. ehlersiae, 521,827 reads (121 Mbp) for U. macrorhiza, and 356,598 reads (96 Mbp) for G. margaretae. Reads were assembled using MIRA v3 (Chevreux et al. 1999; Chevreux 2011) under the accurate, de novo, genomic assembly mode.
Contigs were sorted according to their similarity to known plastid protein-coding genes using the local NCBI Blast package and a custom plastid gene database. Plastid-like contigs were extracted from the contig pool (BlastX evalue: 5eÀ30, BlastN evalue: 5eÀ50) and automatically postassembled in CAP3 (Huang and Madan 1999 ) using a minimum identity of 97%, a minimal overlap of 100 nt, and a gap length of max. 5 nt. This approach produced two or three supercontigs in Genlisea and Pinguicula, respectively, and six supercontigs in Utricularia, all that were joined manually. All manual overlaps and potential conflicts in contig ends as well as junctions between plastome single-copy and inverted-repeat regions were verified by PCR and Sanger resequencing. Assembly breakpoints included the IR-SSC junction (around the ycf1 region) and trnH-psbA in all species, the trnS-trnG region in Utricularia and Pinguicula, and rps16-trnQ, psaA-ycf3, and ndhG-ndhI in Utricularia. Except for the ycf1 region, which contained very long homopolymer stretches, all contig breakpoints appeared to have been caused by alignment issues in short repeat-or microsatellite-rich regions during the automatic assembly rather than because of the presence of divergent copies from the mitochondrial or the nuclear genome.
We mapped all 454 reads to the reconstructed draft plastome sequence in Geneious Pro v5.6 to further verify the correct assembly of the plastid chromosome; read mapping results are shown in supplementary figure S2 (Supplementary Material online). The coverage of the final complete sequences were 37.7Â in Pinguicula (plastid read abundance: 2.87%), 58.8Â in Utricularia (plastid read abundance: 7.59%), and 84.8Â in Genlisea (plastid read abundance: 11.94%).
Annotation and Structural Analysis
Plastome sequences were annotated with DOGMA (Dual Organellar GenoMe Annotator; identity cutoff for proteincoding genes: 35%, tRNA identity cutoff: 90%, e value: 5; Wyman et al. 2004 ) with manual refinements regarding gene start, gene stop, and exon-intron boundaries. The completely annotated sequences have been submitted to the European, American and Japanese (EMBL/GenBank/DDBJ) nucleotide database collaboration.
Similarity between Lentibulariaceae and close relatives was assessed using progressiveMauve 3.1 (Darling et al. 2010) , assuming colinear genomes with an initial seed weight of 17 and a gap open penalty of À200 to account for small gaps caused by localized deletions.
Because of the good results (assessed by eye) and fewer computational resources and time required for the multiple sequence alignment of complete plastomes, we used MAFFT v6 (Katoh and Toh 2008) under the FFT-NS-I mode and the 1PAM/ = 2 scoring matrix. Based upon those alignments, we employed the Indel Analysis tool v1.0.0 of the Galaxy suite (Blankenberg et al. 2010 ) to obtain genome-wide counts of insertions and deletions relative to a reference genome (Sesamum). The results were grouped into three size classes (2-15 nt, 16-30 nt, and >30 nt) with the number of 1 nt indels being counted separately, because this type is often an artifact from sequencing and/or read assembly (e.g., Moore et al. 2006) . A corrected relative insertion number and deletion number (cRIN, cRDN), respectively, was therefore calculated as the difference between the total number of indels and the number of 1 nt indels. For the analyses of SSRs and other repeated elements, we removed one IR of each of the analyzed species of Lentibulariaceae, because the IR is already defined as a large repeat and subrepeats may therefore be counted twice. Di-, tri-, and tetrarepeat units occurring at least five, three, and three times, respectively, were analyzed with the help of the SSR extractor tool, excluding cases of SSRs comprising repeated subunits (e.g., TATA, TGTG). REPuter (Kurtz et al. 2001 ) was employed to search for all forward and palindromic repeats of min. 12 nt length (Hamming distance: 3, e value: 5eÀ5).
We created separate alignments for coding and noncoding regions for analyses of microstructural changes, for which we preferred the use of automatic alignments without subsequent manual modifications to ascertain both reproducibility and accurate data processing by batch scripting. The concatenated and annotated data set comprised 78 unique protein-coding genes of all Lentibulariaceae plastomes and four related lamiid taxa: Mimulus guttatus (Mimulus Genome Project, DoE Joint Genome Institute), Lindenbergia philippensis (HG530133), S. indicum (NC_016433), and Nicotiana tabacum (NC_001879). The gene ycf1 was excluded because of unresolvable sequencing/assembly errors in homopolymer stretches. Data sets were aligned with PRANK using the "align translated codons" mode (Löytynoja and Goldman 2005) , because this approach outperformed MAFFT v6 for single gene alignments in terms of quality (assessed by eye).
Mimulus was excluded from the analyses of plastidnoncoding DNA (ncDNA), as sequence data of its intergenic spacers was unavailable as of this writing. The ncDNA data set comprised 130 unique regions from Nicotiana, Lindenbergia, Sesamum, and Lentibulariaceae. Because of gene loss, homology assessment was critical for some spacers in the Genlisea plastome, and we therefore excluded its trnF-ndhK, ndhJ-K, ndhC-trnV, as well as its SSC ncDNA. Despite pseudogenization of infA in Nicotiana (Shinozaki et al. 1986; Millen et al. 2001) , we included both the rpl36-ÉinfA and ÉinfA-rps8 spacers due to the overall high conservation of the region. Alignment of spacers and introns was carried out in PRANK using the structural model "genomic" for the alignment; a ts/ tv ratio of 2, a gap rate of 0.05, and a mean gap length distribution of 5 (for all regions).
Rather than counting indels relative to a reference as done to obtain a general overview across the entire plastome (see above), we inferred length mutational variation in coding regions and ncDNA in more detail with SeqState 1.4.1 (Müller 2005) under the simple-indel coding option. Correlated evolution of microstructural changes and substitution rates was tested by parsimony-based optimization of indels and total substitution rates on a specified tree as described in Jansen et al. (2007) .
Substitution Rate Analyses
Genewise and gene-class-specific nonsynonymous (dN) and synonymous (dS) rate changes were analyzed by LRTs in Hyphy 2.11 (Kosakovsky-Pond et al. 2004 ) based on alignments of Pinguicula, Utricularia, and Genlisea with the four noncarnivorous species Sesamum, Lindenbergia, Mimulus, and Nicotiana. Besides powerful hypothesis testing using maximum likelihood approaches and several other useful sequence data analysis tools, the Hyphy software offers more flexibility than other currently available programs because of its own scripting (batch) language (HBL), which allows users to design customized tests. A specified lamiid topology that reflects generally established phylogenetic relationships of these taxa (cf. fig. 3 ) was the basis for all tests. In brief, an unconstrained likelihood function (LF) uses a full model (with local parameters for both dN and dS), and the data were optimized. The resulting maximum likelihood estimates for the parameters dN and dS were extracted for subsequent graphical representation. To test for the significance of differences across species, a constrained LF that assumes dN or dS to be equal in a selected pair of taxa was optimized, and the difference of likelihood scores from constrained and unconstrained functions (LRT statistic) was evaluated by w 2 distribution. Using custom R scripts, unpaired Wilcoxon tests with sequential alpha error (Bonferroni) correction were employed to evaluate cross-species differences of dN, dS, and ! among Lentibulariaceae and noncarnivores. Results of pairwise analyses were visualized as bivariate boxplots (Rousseeuw et al. 1999) .
Changes in ! across clades and branches were evaluated using the HBL scripts "SelectionLRT" and "TestBranchDNDS" (Frost et al. 2005; Kosakovsky-Pond et al. 2007 ). SelectionLRT tests whether differences in selection exist between two clades, A and B, and the branch T leading to A, using LRTs against a global-! model. AIC is then used to select from models, assuming either two different ! (one for A + B and one for T; one for A + T and one for B; one for A and one for B + T) or three different ! (each one for A, B, and T). The test requires two distinct clades consisting of two distinct branches with at least two terminal taxa each. SelectionLRT was run genewise and for concatenated data sets, the latter representing distinct functional complexes with roles in either photosynthesis or housekeeping. As we aimed at unraveling selective changes coinciding with the transition to carnivory and with further differentiation of the bladderwort lineage within Lentibulariaceae, two sets of analyses were conducted: 1) treating the Lentibulariaceae crown group as clade A, the branch leading to Lentibulariaceae as T, and the noncarnivorous rest of the tree as B, and 2) treating the terminal branches Utricularia + Genlisea as A, the branch leading to this clade as T, and Pinguicula plus the noncarnivores as B. Taxa lacking a certain gene were excluded from the respective tests (e.g., infA without Nicotiana). As both Pinguicula and Genlisea have lost ndhC, ndhD, ndhF, and ndhK, the Lentibulariaceae clade collapsed (with respect to the requirements for the SelectionLRT script), so tests for selectional changes in these genes between Utricularia and noncarnivores were conducted with TestBranchDNDS, which allows testing differences in ! between a single branch and the rest of a given tree. All tests were run under the MG94xREV model, allowing for equivalent amino acid changes and assuming two independent gamma/beta distributions for across-site variation in both dN and dS and three different rate classes.
A custom HBL script was employed to perform pairwise nucleotide substitution rate tests under the GTR + G + I model in ncDNA regions between each of the Lentibulariaceae taxa, Sesamum, and Lindenbergia; Nicotiana was used as outgroup. LRTs were used to test for significance of rate changes in single spacers/introns as described above; across-species differences were evaluated by sequential Bonferroni-corrected unpaired Wilcoxon tests. Nonparametric Spearman tests were used to test for correlations between different genomic traits (GC content, indel frequency, nucleotide divergence). A Sign test was used to evaluate whether the distribution of rate elevation or relaxation of purifying selection in protein-coding genes match rate elevation in the adjacent ncDNA regions; ndh genes and adjacent ncDNA regions were excluded from the test.
Supplementary Material
Supplementary figures S1 and S2 and tables S1-S4 are available at Molecular Biology and Evolution online (http://www. mbe.oxfordjournals.org/).
